1. Associations of intrauterine exposure to maternal undernutrition with later hypertension and coronary heart disease in the human population have been duplicated in the rat. Fetal exposure to low protein diets produces offspring that develop raised systolic blood pressure by the age of weaning. This animal model of 'programmed' hypertension was used to investigate the role of the renin-angiotensin system in the initiation and maintenance of high blood pressure. 2. Pregnant rats were fed diets containing 18 or Wo casein from conception until littering. The offspring from these pregnancies were administered captopril either between 2 and 4 weeks of age, or from 10 to 12 weeks of age. 3. The feeding of low protein diets in pregnancy had no effect upon the reproductive ability of female rats and the offspring generated were of normal birthweight. By 4 weeks of age the male and female offspring of low-protein-fed dams had systolic blood pressures that were 24-25 mmHg higher than those of rats exposed to a control diet in utero. 4 . Watment of 10-week-old female offspring with captopril for 2 weeks indicated that angiotensin I1 formation may play a role in the maintenance of high blood pressure in low-protein-exposed rats. While captopril had no significant effect upon systolic pressures of rats exposed to the control diet in intrauterine life, the systolic blood pressures of lowprotein animals rapidly declined by 31 mmHg. 5. Administration of captopril to male and female offspring between 2 and 4 weeks of age exerted longterm effects upon systolic blood pressure. Eight weeks after cessation of treatment, at an age where maximal blood pressures are achieved, captopriltreated, low-protein-exposed rats had similar blood pressures to normotensive rats exposed to the protein-replete diet in utero.
6. In conclusion, we have demonstrated that the elevation of adult blood pressure associated with fetal exposure to a maternal low-protein diet, is prevented by early administration of an angiotensinconverting enzyme inhibitor. The actions of angiotensin I1 in the late suckling period may be a critical determinant of long-term cardiovascular functions in these animals.
INTRODUCTION
Recent epidemiological observations, from several populations around the world, have indicated that adult risk of hypertension and coronary heart disease is strongly linked to intrauterine factors [l-41. Individuals that are of low weight at birth, or who show evidence of disproportionate fetal growth at birth (thin or short in proportion to body weight), have higher blood pressures than individuals of greater birthweight from early childhood and throughout adult life. These individuals are more likely to suffer mortality from cardiovascular causes Intrauterine growth is primarily determined by genetic factors, maternal size and nutritional status. Of these factors nutrition is the most variable influence. In human populations maternal undernutrition is associated with lower weight at birth [6] and even in a well-nourished British population, lower maternal intakes of protein and higher intakes of carbohydrate (variations within the normal U.K. range) were linked to lower birthweight [7] . Moreover, epidemiological studies have demonstrated that the offspring of women who are undernourished in pregnancy have elevated blood pressure, relative to the offspring of well-nourished women, from childhood (10 years) to adulthood (47 years) [8, 91. Animal studies broadly confirm the epidemiolog-ical findings and support the hypothesis that maternal undernutrition in pregnancy 'programmes' later hypertension. In the guinea pig, ligation of the uterine artery produces large attenuations of fetal growth and modest increases in blood pressure [lo] .
In the rat a variety of nutritional manipulations produce broadly similar findings. Restriction of maternal food intake to 30% of ad libitum [ll] , or feeding an iron-deficient diet [12] in rat pregnancy, produces growth-retarded offspring which have raised blood pressure in adult life. In our laboratory we have demonstrated that mild restriction of protein intake in the pregnant rat modifies fetal growth to produce pups that are of low to normal birthweight, which have undergone disproportionate retardation of the growth of truncal organs [13] . These animals manifest raised blood pressure (20-30mmHg) from as early as 4 weeks of age [ 141 and maintain this hypertensive state throughout adult life [15, 161. The programmed increase in blood pressure is not dependent upon the plane of maternal nutrition before conception and is observed in animals exposed to the low protein diet for single-week periods in pregnancy, including the first, largely preimplantation, week [ 171. The molecular mechanisms that mediate the association between relatively mild manipulations of maternal nutritional status and later hypertension remain unresolved. Among a number of candidate systems undergoing evaluation is the renin-angiotensin system. Rats exposed to maternal low-protein diets in ufero are found to have increased activity of angiotensin-converting enzyme (ACE) in lung and plasma [15, 161, and animals that were exposed to undernutrition in the final week of gestation only have elevated plasma renin activity [17] . A role for angiotensin I1 in at least the maintenance of the hypertensive state was suggested by a study in which ACE inhibitor treatment of adult (23-week-old) rats reversibly lowered the blood pressures of low-protein-exposed rats, to the equivalent of the offspring of protein-replete animals [ 161. In the present paper we report the effects of ACE inhibition on blood pressures of low-protein-exposed rats treated with captopril as adults (10 weeks old) or in early postnatal life (2 weeks old).
METHODS

Animals
A total of 24 adult virgin female Wistar rats were used to generate the 279 offspring used in these studies. All animals were bred in the University of Southampton Animal Unit and were housed singly (pregnant dams) or in pairs (offspring) in plastic boxes containing sawdust. The rats had free access to food and fluids at all times and were maintained in a room at 22°C with a 12 h light cycle. The experiments described in the present paper were per- formed under licence from the Home Office in accordance with the 1986 Animals Act.
Feeding protocol
Female Wistar rats were mated and on the day of conception, as indicated by a plug on the floor of the cage, were transferred from their standard laboratory non-purified chow diet (CRME, Special Diet Services, U.K.) to purified diets containing 18% (control, n = 12) or 9% (low protein, n = 12) casein as the sole protein source. The full dietary composition is shown in Table 1 . Both diets were supplemented with methionine to prevent sulphur deficiency and contained equal amounts of energy.
Feeding of control or low protein diets continued until the rats gave birth to their litters. At this time all rats were immediately transferred back to the CRME diet and all the litters were culled to give a maximum of eight pups. The offspring, which were all weighed at birth, thus differed only in terms of prenatal dietary experience. No further nutritional interventions were employed in the study. The offspring were used in experiments which evaluated the effects of ACE inhibition in adult life (females only), or in early postnatal life (males and females).
Administration of captopril to adult animals
Ten-week-old female rats exposed to the control diet (n = 14) or the low protein diet (n = 18) were singly housed and randomly assigned to be given access to either tap water or 1 g/l captopril solution as the sole source of fluids over a 14-day period. Fluid intake was monitored daily and blood pressure determined on three occasions, before treatment and on days 7 and 14 after the beginning of the experiment. Fluid intake was unaffected by captopril treatment and was similar in both maternal dietary groups (30.7 ml/day). The administered dose of ACE inhibitor was therefore 182 mg captopril * day-'. kg-' body weight in both groups. At the end of the study period all the animals were killed by decapitation and organs were carefully weighed.
Administration of captopril in early lie
The litters of control (n = 7) and low-protein-fed (n = 8) rats were given access to either water or 0.5 gfl captopril solution from 2 weeks post parfum, when the pups first began to drink from the feeder bottles. As captopril is excreted in trace amounts in milk, some provision of the drug to the pups will have also occurred by this route. The actual dose administered to the rats was therefore difficult to estimate but, based upon fluid intake data, would have been approximately 100 mg-day-I-kg-' body weight. Captopril treatment continued until the pups were weaned at 4 weeks of age. Blood pressure was determined at this time and at the age of 12 weeks when all the rats were killed by decapitation.
Blood pressure determination
Systolic blood pressure was determined in conscious rats by an indirect tail-cuff method, using an IITC Model 229 blood pressure monitor (Linton Instrumentation, Diss, U.K.), as extensively validated against direct methods by Bunag et al.
[18-201. The IITC instrument is unique in that measurements are made at near ambient temperatures, without the necessity for premeasurement heating of the animals. All animals were acclimatized to a room temperature of 27°C for 2 h before measurements, which were made without training of the rats [17] . Preliminary studies have indicated that training does not influence the recorded pressures of rats exposed to either control or low protein diets (Fig. 1) . The degree of blood pressure elevation associated with intrauterine undernutrition measured in naive animals (24mmHg), was similar to that determined after 6 days of training (22 mmHg). Differences in blood pressures between rats exposed to low protein and control diets, as determined using the tail cuff, have been verified by direct methodology under anaesthesia [21] .
Each rat was placed in a Perspex restraint tube and allowed to rest for 3-5 min before measurement as previously described [17] . To initiate the test the tail cuff, which was of a size appropriate for each individual rat, was inflated to 300mmHg and deflated at a rate of 3 mmHg/s. Pulses were recorded using a photoelectric sensor, and their reappearance after occlusion taken as the systolic pressure. Pulses were monitored using the IITC Model 31 software package, which calculated the systolic pressure using a preset algorithm. This feature, and the use of an operator blinded to the treatments experienced by the rats, removed any bias from the determinations. Three to five repeat measurements were made for each rat and the average pressure recorded.
Statistical analysis
All data are shown as meansfS.E.M. Data were analysed using one-, two-or three-way analyses of variance as appropriate, and a Tukey's test was used as a post hoc test. A probability of 5% or less was accepted as statistically significant.
RESULTS
Maternal observations
During pregnancy, maternal weight gain and food intake were monitored daily. Rats fed the low protein diet consumed slightly more food than control animals (18% casein, 26 f 1 g/day; 9% casein, 29 1 g/day, P -= 0.05) but despite this their overall weight gain tended to be lower than that of the control rats (18% casein, 117 k 4 g; 9% casein, 104 f 4 g; P = 0.08). The reproductive ability of the low-protein-fed rats was not impaired by the dietary manipulation and litter size ( Table 2) the pups were not significantly altered by the low protein feeding.
Administration of captopril to adult animals
Low-protein-exposed female offspring tended (not significant) to be heavier than the offspring of protein-replete dams at 4weeks of age (Table 3 ). All animals were of similar weight at the start of captopril treatment (10 weeks), but over the 2 weeks of treatment 18% casein control rats gained less weight and were smaller than all other groups by 12 weeks of age. Organ weights were similar in all groups, whether expressed in absolute terms, or as a percentage of body weight. The exception to this was the spleen, which was significantly smaller in lowprotein-exposed animals than in the offspring of 18% casein-fed dams.
At 10 weeks of age systolic blood pressures of rats exposed to maternal low-protein diets were significantly higher than those of 18% casein-exposed rats (21 mmHg, P<O.Ol). Over the 14 days of the experiment the difference in blood pressure between the 18% casein and 9% casein control animals increased slightly (27 mmHg). The blood pressures of 18% casein-exposed rats treated with captopril tended to decrease over the course of the experiment (Fig. 2 ), but this change was not statistically significant. Lowprotein-exposed rats treated with captopril had significantly lower blood pressures than the untreated low-protein-exposed controls after 7 days of drug administration and this decrease in pressure (21 mmHg over days 1 to 7) continued further (10mmHg over days 8 to 14) such that, by the end of the experiment, the blood pressures of this group were similar to those of 18% casein-exposed control animals.
Administration of captopril in early life
At 4 weeks of age female rats exposed to the low protein diet in utero were significantly heavier than the female offspring of rats fed the 18% casein diet (Table 4 ). By 12 weeks of age, however, this difference in body weight was no longer observed. Captopril treatment from 2 to 4weeks of age had no effect upon body weight or the weights of kidneys or lungs in the offspring of rats fed the 18% casein diet. The rats exposed to low protein in utero and treated with captopril in early life, however, were smaller than the untreated 9% casein-exposed control group at 4weeks. These rats were of similar weight to control rats at 12weeks. Kidney weight was similar in 9% casein-exposed captopril-treated and control rats, but lung weight, both in absolute terms and as a proportion of body weight, was significantly greater in the animals exposed to captopril in early life.
The male animals used in this study demonstrated a similar pattern of body and organ weight changes in response to maternal dietary manipulation and captopril treatment (Table 5 ). Body weight, kidney Table 3 . Body weight and organ size of 12-week-dd female rats exposed to 18% casein or low protein diets in utem and treated with captopril for Zweeks. All data are meansf5.E.M. for 7-9 observations (14-16 for 4 and loweek body weights).
Analysis of variance indicated an influence of maternal diet upon spleen weight (P < 0.02), body weight at I2 weeks (P < 0.01) and spleen weight as a proponion of body weight (P < 0.001). indicates significandy different from 18% casein control group (P < 0.05). $ indicates significandy different from 18% casein captopril group (P < 0.05). size and lung size were unaffected by captopril in the 18% casein-exposed rats. Low-protein-exposed control rats were heavier than 18% casein-exposed rats at 4 weeks and were of similar weight at the end of the study. Captopril-treated, low-protein-exposed males were significantly smaller at 4 weeks than rats in all other groups, but by 12weeks, although smaller, did not differ significantly in weight from any other treatment group. As in the females, kidney weight and kidney weight as a percentage of body weight were not altered by the maternal diet or captopril treatment. Low-protein-exposed, captopriltreated rats had heavier lungs that were relatively larger in proportion to body weight than those of 18 or 9% casein-exposed control animals. Blood pressures of male and female rats were analysed together, as analysis of variance indicated no influence of gender. Blood pressure was not determined at the beginning of the captopril administration protocol as the indirect method was unable to make measurements in rats of under 35g in weight. At the end of the treatment period (4 weeks of age), rats exposed to low protein in utero and not treated with the ACE inhibitor had significantly higher systolic blood pressures than all other groups (24-25 mmHg). Low-protein and 18% caseinexposed rats treated with captopril had similar blood pressures to 18% casein-exposed control rats (Fig.  3) . Eight weeks after the cessation of captopril treatment systolic blood pressures of low-protein-exposed control animals were significantly higher (18 mmHg) than in 18% casein-exposed animals. Captopriltreated, 18% casein-exposed animals had similar blood pressures to the control group. Low-proteinexposed rats treated with captopril had blood pressures that were significantly lower (11 mmHg) than in the low-protein-exposed control group, and were not significantly different (7 mmHg higher) from the 18% casein-exposed control group. 
DISCUSSION
The feeding of a 9% casein diet in rat pregnancy had no adverse effect upon the reproductive performance of the animals and exerted no gross effects upon fetal weight at birth. These findings are consistent with previous studies in our laboratory and are indicative of the mild nature of the nutritional insult [15] . The estimated requirement of the rat for protein in pregnancy is 12% of the diet by weight, and the 9% casein diet used in these studies is the equivalent of the requirements for non-pregnant animals [22] . In providing an isoenergetic diet that is low in protein it is necessary to increase the carbohydrate component of the diet. The increase in carbohydrate content (14%), however, is proportionately less than the decrease (50%) in protein content, so we interpret effects of the diet as being primarily the consequence of protein restriction.
Birthweight was not altered by low protein feeding in this study. We have previously shown that the offspring of dams fed 9% casein diets are of low to normal weight at full term (day 22), and heavier than control animals at day 20 gestation [13] . Between day 20 and term the linear growth of the low-protein-exposed fetuses is greatly attenuated and the growth of the liver and lung is approximately half that of these organs in control fetuses. Brain growth, however, is spared and the low-protein-exposed pups are born with disproportionate growth retardation [13] . As confirmed in the present study, the growth of these animals in the immediate postnatal period is more rapid than the growth of the control rats, such that by 4 weeks they tend to be heavier. At full maturity, however, differences in body weight are absent and with the exception of spleen, and in some studies [13, 171 the kidneys, all the organs are in proportion to body weight. Although in gross terms the heart appears unaffected by the fetal undernutrition and the elevated blood pressure, ventricular masses (not mea-sured) may differ and structural adaptations in the vasculature may have a role in the programming of hypertension.
Exposure to protein restriction in fetal life consistently elevates blood pressure in the rat [13, [15] [16] [17] 231 . In the present study an elevation of systolic pressure of the order of 25 mmHg was observed in 4-week-old animals. This finding is similar to our previous reports which indicate that blood pressure rises in utero or during the suckling period and remains elevated to a similar extent throughout adult life, with no evidence of amplification. These observations using tail-cuff methodology have been verified directly in anaesthetized rats [21] .
Comparison of enzyme activities in rats exposed to protein-replete or low protein diets during fetal life, is suggestive of a programming effect on ACE in tissue and plasma. Plasma ACE activity is greatly elevated in rats exposed to 9% casein diets [16] , while in lung tissue ACE activity tends to be increased from as early as birth ([15, 161 and R. C. Sherman, unpublished work). Renin activity and, paradoxically, angiotensin I1 concentrations in plasma have been shown to be lower in low-proteinexposed rats with high blood pressure [17] . This may indicate a more rapid turnover of the peptide in plasma, possibly by virtue of increased receptor densities. This assertion is supported by the observation that the pressor response of low-proteinexposed rats to intravenously administered angiotensin I1 is greater than in control animals at low doses of the peptide [21] .
Two weeks of treatment of mature 10-week-old female rats with the ACE inhibitor captopril, had no significant effect on the blood pressures of normotensive 18% casein-exposed rats. Low-proteinexposed rats, however, decreased blood pressure within the first 7days of treatment, such that the systolic pressures of these animals were no longer different from those of 18% casein-exposed controls. We have previously demonstrated that captopril administration reversibly normalized the blood pressures of older (23weeks old) rats with high blood pressure associated with low protein exposure in utero [16] . The present study differs from this preliminary report in that younger rats have been used and, in addition, separate untreated control groups were utilized, rather than using the period before treatment as an internal control. On the basis of these observations we hypothesize that the reninangiotensin system, and in particular ACE and angiotensin 11, is important in at least the maintenance of the hypertensive state, programmed in utero.
This interpretation of the observations should, however, be treated with some caution. ACE inhibitors exert a number of hypotensive effects independently of their action against ACE. Captopril promotes the release of bradykinin and vasodilatory prostaglandins [24] and in addition may combine with nitric oxide to potentiate its action [25] . It should be noted that although consistent with the reports of Freslon and Giudicelli [26] and Lee et al. [27] , the doses of captopril used in these studies were extremely high. The selection of dosage was intended to allow a comparison of nutritionally programmed hypertension model and the genetic model (Spontaneously Hypertensive Rat) [27] . The specific role of angiotensin I1 in maintaining the high blood pressure of low-protein-exposed rats will, in future studies, be assessed through the use of the AT1 receptor antagonist losartan and by administering other anti-hypertensive drugs with a different mode of action (e.g. u-blockers P-blockers or diuretics).
The effects of early captopril administration upon the long-term blood pressures of the animals are generally supportive of a role for angiotensin 11 in not only the maintenance of the high blood pressure, but also the initiation of the blood pressure increase. Although captopril at a dose identical to that used in the present report has been administered to pregnant and lactating rats [27] , early captopril treatment, in particular during intrauterine life, has been associated with toxicity. At the high dose used, a toxic effect of the drug cannot be excluded as an explanation of the findings. In the present study, body weight at 4 weeks was reduced and lung wet weight some 8 weeks after the end of treatment was markedly increased, in low-proteinexposed rats treated with captopril. This possible pulmonary oedema and weight loss associated with captopril treatment may indicate some toxicity and tissue damage associated with early ACE inhibition. Unfortunately blood and urinary chemistry was not determined to address this question. The specificity of this effect to the low-protein-exposed group is consistent with a previous report that the pulmonary tissues of such animals are more susceptible to oxidative injury [28] .
Rats exposed to the control (18% casein) diet in utero and treated with captopril between 2 and 4 weeks gestation had similar blood pressures to untreated controls at both 4 and 12weeks of age. The elevation of systolic pressure associated with low protein exposure was absent in captopril-treated rats at 4 weeks of age and, most importantly, 8 weeks after the end of treatment. In our facility, maximum blood pressures are achieved by 12 weeks of age, so it appears, therefore, that early treatment with an ACE inhibitor was able to prevent, in the long term, the full development of hypertension programmed by maternal protein restriction. Angiotensin I1 may therefore play a key role in the establishment of the elevated blood pressure.
The observation of long-term effects of ACE inhibition upon blood pressure in this programmed model of rat hypertension has some commonality with the Spontaneously Hypertensive Rat. In this genetic model of hypertension early blockade of ACE with captopril [29] , perindopril [30, 311 or the AT1 antagonist losartan [29] , prevents the development of the full hypertensive syndrome. The similar spectrum of effects of ACE inhibitors and receptor antagonists strongly implicates angiotensin I1 in the initial development of raised blood pressure in this model. In addition to long-term effects on blood pressure the ACE inhibitors are able to prevent the development of renal haemodynamic changes and cardiovascular hypertrophy [30, 311. This may be of major relevance in the present study as prenatal exposure to low protein diets reduces nephron number and renal blood flow in adult life [32] . The impact of captopril on these parameters was not evaluated in the present work.
A role for glucocorticoids in the programming of hypertension associated with maternal undernutrition has been proposed [33] . Young rats exposed to low protein diets in utero are apparently hypersensitive to normal levels of circulating corticosterone by virtue of increased glucocorticoid receptor numbers [23] . Glucocorticoids are potent inducers of ACE [34] and amplify the effects of angiotensin I1 [35] by increasing smooth muscle cell densities of AT1 receptors [36] . An interaction of glucocorticoids with the formation and action of angiotensin I1 may provide an important mechanism through which exposure to a maternal low-protein diet initiates a blood pressure increase. Early adrenalectomy of low-protein-exposed rats has also been shown to lower blood pressure [37] . The administration of captopril and hence blockade of angiotensin I1 formation during a critical developmental period may delay the onset of raised blood pressure and attenuate cardiovascular changes that, in the untreated animal, serve to maintain pressure at a higher level throughout adult life.
In conclusion, we have demonstrated that, as in Spontaneously Hypertensive Rats, the early captopril treatment of rats with raised systolic blood pressure associated with maternal undernutrition, prevents the development of the full hypertensive state. It is proposed that the actions of angiotensin I1 in early life may be responsible for the initiation of blood pressure increases and that in later life the renin-angiotensin system plays a key role in the maintenance of hypertension. Further studies using angiotensin receptor blockade and other hypertensive agents are necessary to confirm a specific role for angiotensin I1 in this model.
